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Abstract
We show that the solid lower bound of about 10−44 cm is obtained for the cross section between the supersymmetric dark matter and nucleon2
in a theory in which the supersymmetric fine-tuning problem is solved without extending the Higgs sector at the weak scale. This bound arises
because of relatively small superparticle masses and a fortunate correlation that the two dominant diagrams for the dark matter detection always
interfere constructively if the constraint from the b → sγ measurements is obeyed. It is, therefore, quite promising in the present scenario that the
supersymmetric dark matter is discovered before the LHC, assuming that the dark matter is the lightest supersymmetric particle.
 2005 Elsevier B.V. Open access under CC BY license.Weak scale supersymmetry provides an elegant framework
to address the naturalness problem of the standard model as
well as to provide the dark matter of the universe. On the other
hand, there are already strong constraints on how supersym-
metry can be realized at the weak scale. One of the severest
constraints comes from the LEP II bound on the Higgs boson
mass [1]. To evade this bound, the top squarks should generi-
cally be heavy, which in turn gives a large negative correction to
the Higgs mass-squared parameter. This requires fine-tuning of
order a few percent or worse to reproduce the correct scale for
electroweak symmetry breaking in many supersymmetric mod-
els. Since our main motivation for weak scale supersymmetry
comes from the concept of naturalness, we do not want fine-
tuning in a theory with supersymmetry. This problem is called
the supersymmetric fine-tuning problem. Addressing this issue
may provide a key to find the correct theory at the weak scale,
but it is generically difficult to solve the problem without ex-
tending the structure of the Higgs sector substantially.
Recently, we have shown that the supersymmetric fine-
tuning problem can be solved within the framework of the
minimal supersymmetric standard model (MSSM) [2]. Cru-
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Open access under CC BY license.cial ingredients for the solution are a large A term for the top
squarks and a small B term for the Higgs doublets, which en-
sure successful electroweak symmetry breaking with relatively
small top squark masses. A one-loop correction from the top-
stop loop to the Higgs mass-squared parameter is made small
by effectively lowering the messenger scale of supersymmetry
breaking [3,4], by invoking a mixture of moduli [5] and anom-
aly mediated [6] contributions as a source of supersymmetry
breaking [7]. An interesting aspect of this solution is that all the
superparticles are relatively light, with the masses determined
only by a few free parameters. To evade fine-tuning worse than
20%, we find that the gauginos, whose masses are almost uni-
versal at the weak scale, must be lighter than about 900 GeV.
The squarks and sleptons are even lighter, with the masses a
factor of
√
2 smaller than that of the gauginos. Such light su-
perparticles can have large impacts on the detections of these
particles at colliders and in other experiments.
In this Letter we show that the detection of supersymmet-
ric dark matter is quite promising in the framework described
above for solving the supersymmetric fine-tuning problem. In
this framework, the lighter neutral Higgsino is a good candidate
for the dark matter. First, it is lighter than about 200 GeV from
the naturalness requirement, and thus is the lightest supersym-
metric particle (LSP). Second, it can be generated nonthermally
by the decay of the gravitino, which in turn is generated by the
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moduli masses relevant to us, the right abundance of Ω
h˜0  0.2
can be naturally obtained [8]. A comparable amount of relic
Higgsinos may also arise from the decay of Q-balls formed in
the early stage of baryogenesis [9]. In any event, once we have
the Higgsino as the dominant component of the dark matter, we
can calculate its detection rates independently of the production
mechanism.
We find that in the parameter region relevant to our solu-
tion to the fine-tuning problem, the cross sections between the
Higgsino and nuclei are dominated by the t -channel Higgs bo-
son exchange diagrams. There are two contributions coming
from the lighter and heavier Higgs boson exchanges, which
are generically comparable in size. We find that the two con-
tributions interfere constructively (destructively) if the sign of
the µ parameter is positive (negative) in the standard conven-
tion. On the other hand, there is a strong constraint on the sign
of µ from the measurements of the b → sγ process. We find
that if the sign of µ is positive a large portion of the parame-
ter space is consistent with the current measurements, while the
case with negative µ is almost completely excluded. Because of
this fortunate correlation, together with the fact that Higgsino
dark matter generically has larger cross sections to nuclei than
bino dark matter, the detection of supersymmetric dark matter
in our framework is quite promising. We find that the parameter
region relevant for the solution to the fine-tuning problem gives
the dark matter-nucleon spin-independent cross section ranging
from about 10−44 cm2 to several times 10−42 cm2. Some of the
parameter region, therefore, is even already excluded by the lat-
est data from the CDMS II experiment [10]. Since we obtain the
lower bound on the cross section of about 10−44 cm2, we ex-
pect that most of the relevant parameter space will be covered
by further running of the CDMS II in the next two years.
Let us now start calculating the cross section between the
Higgsino dark matter and nuclei in the present framework. For
this purpose, we need the masses and interactions of the super-
particles and the Higgs bosons. The soft supersymmetry break-
ing parameters for the gauginos and sfermions are given by
(1)M1 = M2 = M3 = M0,
(2)m2q˜ = m2u˜ = m2d˜ = m2l˜ = m2e˜ =
M20
2
,
(3)Au = Ad = Ae = M0,
at the effective messenger scale Mmess ∼ TeV, where the para-
meter M0 takes a value in the range
(4)450M0  900 GeV,
for tanβ ≡ 〈Hu〉/〈Hd〉 20. For smaller tanβ , the lower bound
in Eq. (4) increases; for tanβ = 10 (5) the lower bound be-
comes ≈ 550 GeV (900 GeV). The range of tanβ we consider
is thus
(5)tanβ  5.
The upper bound in Eq. (4) comes from requiring the absence
of fine-tuning worse than 20%: −1  20%. The Higgs sec-
tor of the theory contains four free parameters, m2 , m2 , µHu Hdand B , but one combination is fixed by the vacuum expectation
value v ≡ (〈Hu〉2 + 〈Hd〉2)1/2  174 GeV, leaving only three
independent parameters. We take these parameters to be µ, mA
and tanβ , where mA is the mass of the pseudo-scalar Higgs bo-
son. The naturalness requirement, −1  20%, then leads to
the bounds
(6)|µ| 190 GeV,
and
(7)mA  300 GeV.
Overall, the number of free parameters in our analysis is five:
M0, Mmess, tanβ , µ and mA. The values of M0, tanβ , µ and
mA are bounded by Eqs. (4)–(7), respectively, and Mmess has to
be close to TeV: 50 GeVMmess  3 TeV.
From Eqs. (1)–(4) and (6), we find that the Higgsinos, which
have masses of about |µ|, are significantly lighter than the other
superparticles, so that the LSP comes from one of the Hig-
gsinos. After electroweak symmetry breaking, there are three
Higgsino states: two neutral states h˜0 and h˜′0, defined here by
mh˜′0 > mh˜0 , and one charged state h˜
±
. The mass splittings be-
tween these states are approximately given by
(8)m
h˜′0 − mh˜±  mh˜± − mh˜0 
m2Z
2M0
,
where the corrections are only of order 20% in the relevant
parameter region. Therefore, we find that the lighter neutral
Higgsino is always the LSP, and the mass splittings between
the different Higgsino states are of order 10 GeV.
Suppose now that the neutral Higgsino h˜0, produced non-
thermally in the early universe, is the dominant component of
the dark matter. Since the mass splittings in Eq. (8) are much
larger than the kinetic energy of the dark matter, we only have
to consider elastic scattering between h˜0 and nuclei to study
the detection of the Higgsino dark matter. The scattering occurs
through exchanges of the squarks and Higgs bosons, but in the
parameter region relevant to us the Higgs boson exchange dia-
grams dominate. We thus focus on the Higgs boson exchange
contributions below. The squark exchange contributions, how-
ever, are also included in our numerical analysis given later.
The exchange of the Higgs bosons induces the following ef-
fective interactions between the dark matter χ and the quarks
q = u,d, s, c, b, t [11]:
(9)Leff =
∑
q
fqmqχ¯χq¯q,
where mq are the quark masses and fq are given by
(10)fq  − g
2 + g′2
8(M0 − |µ|)
(
chχχchqq
m2h
+ cHχχcHqq
m2H
)
.
Here, mh and mH are the masses of the lighter and heavier neu-
tral Higgs bosons, h and H , and the coefficients c’s are given
by
chχχ  1 + sgn(µ) sin 2β,
(11)cHχχ  − sgn(µ) cos 2β,
164 R. Kitano, Y. Nomura / Physics Letters B 632 (2006) 162–166Fig. 1. Dark matter-nucleon cross section, σ , as a function of M0 for the case of X = Ge. The left and right plots correspond to the cases with µ > 0 and
µ < 0, respectively. The parameters |µ| and Mmess are fixed as |µ| = 170 GeV and Mmess = 1 TeV, and tanβ and mA are varied as tanβ = 5,10,30 and
mA = {250,300} GeV. The curves are drawn only for the values of M0 for which the Higgs boson mass bound of mh  114.4 GeV is satisfied.chqq =
{ cosα
sinβ (for q = u, c, t),
− sinαcosβ (for q = d, s, b),
(12)cHqq =
{
sinα
sinβ (for q = u, c, t),
cosα
cosβ (for q = d, s, b),
where α is the mixing angle for the neutral Higgs bosons
(−π/2  α  0). The spin-independent cross section of the
dark matter with a target nucleus is then given by
(13)σT = 4
π
(
mχmT
mχ + mT
)2
(npfp + nnfn)2,
where mT is the mass of the target nucleus, and np and nn are
the proton and neutron numbers in the nucleus, respectively.
The quantities fp and fn are given by
(14)fN = mN
∑
q
fqM(N)q ,
where N = p,n. Here,M(N)q are the nucleon matrix elements
defined by 〈N |mqq¯q |N〉 = mNM(N)q , whose approximate val-
ues are given by
M(p)u  0.023, M(p)d  0.034, M(p)s  0.14,
(15)M(p)c M(p)b M(p)t  0.059,
M(n)u  0.019, M(n)d  0.041, M(n)s  0.14,
(16)M(n)c M(n)b M(n)t  0.059.
From these expressions, we find the following. First,
Eq. (11) tells us that the signs of chχχ and cHχχ are given by
sgn(chχχ ) = +1 and sgn(cHχχ ) = sgn(µ), respectively. On the
other hand, from Eqs. (14)–(16), we find that the total con-
tributions to the cross section from operators with down-type
quarks, q = d, s, b, are larger than those from operators withup-type quarks, q = u, c, t . Combining these with the fact that
sgn(chqq) = sgn(cHqq) = +1 for q = d, s, b (see Eq. (12)),
we find from Eq. (10) that the contributions from the light
and heavy Higgs bosons interfere constructively (destructively)
if the sign of µ is positive (negative). This implies that for
µ > 0 we have a solid lower bound on the cross section be-
cause our mass parameters M0, µ, mh, and mH are bounded
by Eq. (4), Eq. (6), mh  120 GeV, and mH  mA  300 GeV
(see Eq. (7)), respectively. Here, the bound on mh follows from
that on M0. The case with µ < 0, on the other hand, admits a
possibility of cancellation between the two contributions. Since
α ∼ β −π/2 in our parameter region, an excessive cancellation
occurs if m2H/m
2
h ∼ tanβ (see Eqs. (10)–(12)).
In Fig. 1, we have plotted the cross section of the dark matter
χ with a target nucleus X in the case of X = Ge, for µ > 0
(left) and µ < 0 (right). Here, we have plotted the cross section
normalized to the nucleon [12]
(17)σ = σT
(np + nn)2
(
1 GeV
mχmT /(mχ + mT )
)2
,
as a function of M0 for several values of tanβ and mA: tanβ =
5,10,30 and mA = {250,300} GeV. In the figure, all the contri-
butions discussed in [11] including the squark exchange contri-
butions, as well as the effects of running from Mmess to the su-
perparticle mass scale, are included. The curves are drawn only
for the values of M0 for which the LEP II bound on the Higgs
boson mass, mh  114.4 GeV [1], is satisfied. The parameters
|µ| and Mmess are fixed as |µ| = 170 GeV and Mmess = 1 TeV,
but the sensitivities to these parameters are not significant.
In the figure, we can clearly see the general features dis-
cussed before. First, the cross section is larger for µ > 0
than µ < 0. Second, we obtain the lower bound on σ of
about 10−44 cm2 for µ > 0, since M0 is bounded as M0 
900 GeV from the naturalness requirement. This is quite in-
teresting because this region will be probed in the further run-
R. Kitano, Y. Nomura / Physics Letters B 632 (2006) 162–166 165Fig. 2. Branching ratio for the b → sγ process, B(b → sγ ), as a function of M0. The left and right plots correspond to the cases with µ > 0 and µ < 0, respectively.
The parameters |µ| and Mmess are fixed as |µ| = 170 GeV and Mmess = 1 TeV, and tanβ and mA are varied as tanβ = 5,10,30 and mA = {250,300} GeV. The
curves are drawn only for the values of M0 for which the Higgs boson mass bound of mh  114.4 GeV is satisfied.ning of the CDMS II experiment in the next two years. On the
other hand, we find that the cross section can be as small as
(10−47–10−46) cm2 for µ < 0. Therefore, fully exploring this
case would require next generation experiments.
Can we say something about the sign of µ from other ex-
periments? It is known that the rate for the b → sγ process
can depend highly on the signs of µ and At . In our parameter
region, contributions from chargino and charged Higgs boson
loops interfere destructively (constructively) for µ > 0 (< 0) in
the b → sγ amplitude, implying that the positive sign of µ is
preferred over the other one. This situation is depicted in Fig. 2,
where we have plotted the branching ratio B(b → sγ ) for µ > 0
(left) and µ < 0 (right), calculated using the DarkSUSY pack-
age [13]. We have again drawn the curves as a function of M0
for tanβ = 5,10,30, mA = {250,300} GeV, |µ| = 170 GeV
and Mmess = 1 TeV only for the regions where the bound on
the Higgs boson mass is satisfied. The sensitivities to the fixed
parameters, µ and Mmess, are weak in our parameter region.
We have also indicated the 2σ allowed region from the current
measurements, B(b → sγ ) = (3.3 ± 0.4) × 10−4 [14], by two
horizontal dot-dashed lines.
While the predictions for the rate of the b → sγ process are
still subject to theoretical uncertainties of order (20–30)% [15],
we can still conclude from Fig. 2 that the case with µ < 0
is almost entirely excluded. On the other hand, for µ > 0 a
large portion of the parameter space is consistent with the data
within theoretical and experimental uncertainties. The positive
sign of µ may also be preferred from the measurement of the
muon anomalous magnetic moment [16], because supersym-
metric corrections decrease (increase) the possible discrepancy
between the standard model prediction and the data for µ > 0
(< 0).
As we have seen before, the detection of our Higgsino dark
matter is quite promising for µ > 0. In Fig. 3, we have plotted
the spin-independent cross section between the dark matter andFig. 3. Dark matter-nucleon cross section, σ , as a function of the dark matter
mass mχ for various values of (tanβ,M0,mA). The shaded area corresponds
to our parameter region in which the supersymmetric fine-tuning problem is
solved. The exclusion curve from the latest CDMS II data is also shown (a solid
line), as well as an expected future sensitivity (a dashed line).
nucleon as a function of the dark matter mass mχ for various
values of tanβ , M0 and mA. For tanβ = 10 (30), the values of
M0 and mA are chosen such that they maximize, (M0,mA) =
(550,200) ((M0,mA) = (450,200)), or minimize, (M0,mA) =
(900,300) ((M0,mA) = (900,300)), the cross section, so that
we can read off the allowed range of the cross section for a
given value of tanβ and mχ . (The lower bound on mA has been
set to 200 GeV somewhat arbitrarily, motivated by the b → sγ
data, but lowering this only extends the range of σ to the direc-
tion of larger σ .) The lines of (tanβ,M0,mA) = (50,450,200)
and (5,900,300) have been drawn to set the upper and lower
166 R. Kitano, Y. Nomura / Physics Letters B 632 (2006) 162–166boundaries for the range of σ . Together with the experimental
lower bound on mχ and the naturalness bound on µ in Eq. (6),
we obtain our predictions for σ and mχ given by the shaded
area in the figure. We have also drawn the exclusion curve from
the latest CDMS II data [10] by a solid line, and an estimate for
the expected future sensitivity (an order of magnitude improve-
ment of the current bound by the end of 2007 [17]) by a dashed
line.
It is interesting that the latest data from the CDMS II already
exclude a portion of parameter space relevant for our solution
to the supersymmetric fine-tuning problem. For tanβ = 30, for
example, the region M0  750 GeV (500 GeV) is already ex-
cluded for mA = 200 GeV (300 GeV). The current data are not
yet very sensitive to smaller values for tanβ . A large portion of
the relevant parameter space, however, will be covered by the
end of 2007 by a planned order of magnitude improvement of
the current lower bound on σ . For tanβ = 30, for example, this
covers the entire parameter region relevant for the solution to
the supersymmetric fine-tuning problem. Even for tanβ = 10,
the entire region of M0 is covered for mA = 200 GeV, and
M0  700 GeV is covered for mA = 300 GeV. It is, therefore,
quite promising in the present framework that the supersym-
metric dark matter is discovered before the LHC, assuming that
the dominant component of the dark matter is in fact the lightest
supersymmetric particle.
In summary, we have shown that the detection of supersym-
metric dark matter is quite promising in the theory in which
the supersymmetric fine-tuning problem is solved. In fact, this
conclusion is somewhat more generic in the sense that in a
theory where the supersymmetric fine-tuning is reduced, the
Higgsino is generically light and is naturally a candidate for
the LSP. Then, if the gaugino masses are not very large, as
suggested indirectly by the fine-tuning argument, the detection
rate is generically not very small. To obtain the solid lower
bound on the detection rate, however, we need more infor-
mation. We have shown that the b → sγ process can provide
such information in our particular context, and that we can ob-
tain the lower bound on the dark matter-nucleon cross section,
σ  10−44 cm2, which is close to the expected sensitivity of the
CDMS II experiment within the next two years. We find it quite
interesting that the supersymmetric dark matter may in fact be
discovered before the LHC turns on.
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